Abstract: Self-healing materials are able to partially or completely reverse the damage inflicted on them. The possibility of self-healing mechanical and chemical failures that occur during service will improve the lifetime and reliability of structural materials. For this purpose, two main steps must be considered: (i) detection, and (ii) repairing (healing) of cracks. The exothermic character of reactive multilayers has potential for self-healing applications, namely in the healing step. In this context, Ni(V)/Al multilayer thin films were deposited onto tungsten wires by magnetron sputtering from two targets. A detailed microstructural characterization was carried out by scanning and transmission electron microscopy after deposition, as well as after ignition by applying an electrical discharge. The as-deposited films presented an irregular layered structure with local defects not observed for flat substrates, although Ni-and Al-rich nanolayers could be distinguished. The as-reacted films were constituted by Al 3 Ni 2 grains with Al 3 V phase at the grain boundaries. In order to use reactive multilayers for self-healing purposes, the heat released must be maximised by improving the microstructure of the nanolayered films. Nevertheless, after ignition, the Ni(V)/Al multilayer films deposited onto W wire underwent a self-sustained reaction, releasing heat.
Introduction
The exothermic and self-propagating nature of reactive multilayers makes them promising as highly localized heat sources for several applications [1] [2] [3] [4] . In fact, their use in joining applications and as igniters has been reported in the literature since the beginning of 21st century, e.g., [1, 5] .
Reactive multilayers are "a relatively new form of energetic material that consists of a well-defined, heterogeneous structure and stored chemical energy", as defined by Adams [1] . These metastable materials are composed of tens, hundreds, or thousands of alternating individual layers of at least two elements, and have a high heat of formation and high adiabatic reaction temperature. Typically, reactive multilayers are prepared by physical vapour deposition techniques (PVD), such as sputtering or electron-beam evaporation [2] . Nanoscale multilayers, due to large interface area per unit volume, are characterized by enhanced reactivity [6, 7] . For some systems and designs, reactive multilayers exhibit high temperatures and fast reactions, which could be ignited by an external energy source, such as an electric spark or mechanical load [1] . External heating initiates the reaction locally, releasing heat that promotes diffusion and intermixing in adjacent regions, driving the reaction forward in a self-sustained wave. Ni/Al have been the most investigated Me1/Me2 (Me-metal) reactive multilayers, while particular attention has also been paid to nanoscale multilayers from the Ti-Al and Ni-Ti systems, e.g., [4, 8, 9] .
Ignition of a self-propagating reaction in free-standing reactive multilayer foils/films is rather straightforward. However, in the presence of a coated substrate, the heat is dissipated throughout the substrate material, extinguishing the just-started reaction. Based on a 2D model, Rabinovich et al. [10] studied the self-sustaining combustion synthesis in Ni/Al multilayer films deposited on a substrate. Using the thermal model developed for the Ni/Al multilayers' reaction, they evaluated all heat losses, and determined the minimum film thickness required for the reaction to become self-sustained.
Reactive multilayer thin foils and films have already found use as filler materials for joining applications. These fillers can be used with solder/brazing alloys or as stand-alone heat sources. The heat released by the exothermic reaction of Ni/Al multilayer foils can be used to melt brazing alloys, e.g., [4, 11, 12] , or to enhance the diffusion bonding process by taking advantage of their exothermic and nanocrystalline character, e.g., [6, 13] . Its application in the self-healing of cracks in metallic materials is new, and is the least studied. In this case, the heat released by the energetic material should melt a repairing material, which flows in and fills the crack. In this context, an interesting approach would consist in the development of an actuator using a wire coated by a reactive multilayer, and a repairing material with a low melting point. However, the deposition of alternated nanolayers onto curved surfaces such as wires is a challenge. Moreover, it is necessary to guarantee the occurrence of a self-propagating reaction upon ignition. To the best of the authors' knowledge, reactive multilayer thin films deposited onto wire substrates have never been studied in detail. The possibility of using the heat released by these reactive multilayers for self-healing purposes constitutes another innovative aspect of this work.
Therefore, this work is focused both on the deposition of reactive Ni/Al multilayer thin films onto tungsten (W) wires and attaining a self-sustained reaction by applying a voltage at the extremities of the coated wire. For this purpose, detailed analysis of the films' microstructure is carried out by transmission electron microscopy (TEM), after deposition by magnetron sputtering and following ignition by an electrical discharge.
Materials and Methods
Ni and Al alternated nanolayers were deposited onto W wires (φ = 50 µm) and Si sheets by magnetron sputtering at an argon pressure of 0.4 Pa. Sputtering was carried out from Al (99.99%) and Ni (93 wt. % Ni, 7 wt. % V) targets operating at 3.55 × 10 −2 W mm −2 and 2.22 × 10 −2 W mm −2 , respectively. These values were selected based on previous experiments and should result in an Al/Ni individual layer thickness ratio of 1.5, leading to an Al/Ni atomic ratio close to 1. A few percent of vanadium was added to the nickel target. This element is necessary to decrease the magnetic effect of Ni in the plasma. The copper substrate-holder had a hole on the top surface where one end of the W wire was introduced. The other end of the wire was left free (Figure 1a) . The substrate-holder with the W wire was placed on a rotating support. During the deposition process the substrate-holder under rotation passed in front of the Al target, and then in front of the Ni-7V target, exposing the surface of the wire alternately to the Al and Ni plasmas (Figure 1b) , giving rise to a film constituted by alternate Al-and Ni-rich nanolayers. The rotation speed of the substrate-holder was selected to obtain a bilayer thickness (period) of~30 nm, while the deposition time was selected to achieve a total thickness close to 4 µm. The thick copper substrate-holder acted as a heat sink, avoiding the increase of temperature, especially at the bottom of the wire.
The thickness of the films deposited onto Si substrates was evaluated by profilometry, allowing the multilayer period to be easily estimated. Cross-sections of multilayer-coated Si were prepared and analysed by field emission gun scanning electron microscopy (SEM). The surfaces of the coated Si and coated W wire were also observed by SEM. The SEM microscope used was manufactured by Zeiss (Oberkochen, Germany), and is equipped with an energy dispersive spectrometer (EDS) manufactured by Oxford Instruments (Abingdon, UK). The microstructure analysis was carried out with the use of Tecnai G2 FEG SuperTWIN 200 kV TEM manufactured by FEI (Eindhoven, The Netherlands) equipped with high angular annular dark field (HAADF) and EDAX detectors for STEM and EDS investigations, , equipped with Omniprobe lift-out system. They were cut out in such a way as to be able to observe the cross-section, and were thinned down to~100 nm. The phase analysis was performed using selected area diffraction (SAD) patterns, which were solved with the help of ProcessDiffraction ® software (Janos Labar, Budapest, Hungary). , equipped with Omniprobe liftout system. They were cut out in such a way as to be able to observe the cross-section, and were thinned down to ~100 nm. The phase analysis was performed using selected area diffraction (SAD) patterns, which were solved with the help of ProcessDiffraction ® software (Janos Labar, Budapest, Hungary).
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Results and Discussion
The multilayer-coated wires were characterized in the as-deposited state, as well as after ignition by applying a 9 V voltage.
As-Deposited Films
The profilometry tests on coated Si substrates revealed a total thickness of 3.8 μm, which was close to the desired value. Taking this into account, as well as the deposition time and the substrates' rotation speed, a modulation period of 31 nm was estimated. These results can be confirmed in the SEM images (Figure 2) , where Ni-and Al-rich layers can be distinguished throughout the entire film's thickness. The SEM analyses show a columnar growth morphology and waviness typical for magnetron sputtered films. Although the power applied to each target was selected to achieve a near equiatomic chemical composition, the EDS results indicate an average chemical composition enriched in Al (it should be noted that the corrections used in EDS analysis assumes a homogeneous distribution of elements within the excited volume, and therefore, the latter result could also deviate from the real value). 
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The result of a different nucleation and growth process on curved surfaces compared with flat substrates can also be clearly observed on the surface images. It should be noted that the magnification in the images shown in Figure 4 is the same. The surface of the Ni/Al multilayer deposited onto wire is relatively rough, and shows the presence of irregular features with different dimensions, while that deposited onto flat silicon presents a smooth surface with columns of nearly the same diameter. The surface roughness of the substrates is not the same, because the Si substrates were mirror-polished, while the W wires were used as-received. The thermal conductivity of the substrates can also play a decisive role, but Si and W thermal conductivities are not significantly different. correspond to images at increasing magnifications. The red circle in the highest-magnification image corresponds to the region from which the SAD pattern in Figure 6 was obtained.
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The result of a different nucleation and growth process on curved surfaces compared with flat substrates can also be clearly observed on the surface images. It should be noted that the magnification in the images shown in Figure 4 is the same. The surface of the Ni/Al multilayer deposited onto wire is relatively rough, and shows the presence of irregular features with different dimensions, while that deposited onto flat silicon presents a smooth surface with columns of nearly the same diameter. The surface roughness of the substrates is not the same, because the Si substrates were mirror-polished, while the W wires were used as-received. The thermal conductivity of the substrates can also play a decisive role, but Si and W thermal conductivities are not significantly different. TEM images, aside from alternating Ni and Al layers, reveal the presence of lighter areas rich in Al, as confirmed by the EDS profile measurements taken across these areas. The Al-rich "droplets" are absent in the films deposited onto Si, and might correspond to the small irregular features distributed along the surface of the films deposited onto W wire ( Figure 4b ). As mentioned above, this could be related to the mechanism of the film growth on the rough surface of the wires, but the possibility of the occurrence of a reaction must also be considered. The dissipation of heat through the wire substrates is not as effective as in flat substrates in full contact with the copper substrate-holder. This might be the cause of the presence of "overheated" areas that, in combination with the low reaction temperatures of Ni/Al nanoscale multilayers [15, 16] , could already locally promote limited reaction during deposition.
The SAD patterns of the multilayer confirmed the presence of Ni and Al major phases, but a few small peaks (appearing at the right side of Figure 5a ) point to the presence of Al 3 Ni. In Figure 5b , these peaks are not defined, but a small hump is still observed in this part of the spectrum, which coincides with a set of low-intensity diffraction peaks of the Al 3 Ni phase. During the deposition process, Al and Ni might react, leading to the formation of intermetallic phases, in particular when the substrates are not cooled (which is the present case), giving rise to higher deposition temperatures. The formation of the Al 3 Ni intermetallic in as-deposited Ni/Al multilayer films has been reported [17] . As expected, the presence of intermetallic phases in the as-deposited films is more pronounced in the middle part of the wire (see Figure 1) , as it is exposed to a higher average temperature than the bottom of the wire (see Figure 1) , which is more efficiently cooled by the substrate-holder ( Figure 5 ). The analysed regions corresponding to Figure 5 always comprise Al-rich droplets. However, using the smallest aperture, it was possible to analyse defect-free regions, as well as the defects occurring for the wire geometry ( Figure 6 ). The SAD pattern of Figure 6a corresponds to a sound layered region and, as expected, only Ni and Al were identified. The SAD pattern of Figure 6b was obtained from the region marked in Figure 3 , and Al 3 Ni is indexed, indicating that the Al-rich "droplets" should correspond to this intermetallic phase. In addition to spots of the Al 3 Ni intermetallic, rings corresponding to pure Al and Ni could also be detected. TEM images, aside from alternating Ni and Al layers, reveal the presence of lighter areas rich in Al, as confirmed by the EDS profile measurements taken across these areas. The Al-rich "droplets" are absent in the films deposited onto Si, and might correspond to the small irregular features distributed along the surface of the films deposited onto W wire (Figure 4b ). As mentioned above, this could be related to the mechanism of the film growth on the rough surface of the wires, but the possibility of the occurrence of a reaction must also be considered. The dissipation of heat through the wire substrates is not as effective as in flat substrates in full contact with the copper substrateholder. This might be the cause of the presence of "overheated" areas that, in combination with the low reaction temperatures of Ni/Al nanoscale multilayers [15, 16] , could already locally promote limited reaction during deposition.
The SAD patterns of the multilayer confirmed the presence of Ni and Al major phases, but a few small peaks (appearing at the right side of Figure 5a ) point to the presence of Al3Ni. In Figure 5b , these peaks are not defined, but a small hump is still observed in this part of the spectrum, which coincides with a set of low-intensity diffraction peaks of the Al3Ni phase. During the deposition process, Al and Ni might react, leading to the formation of intermetallic phases, in particular when the substrates are not cooled (which is the present case), giving rise to higher deposition temperatures. The formation of the Al3Ni intermetallic in as-deposited Ni/Al multilayer films has been reported [17] . As expected, the presence of intermetallic phases in the as-deposited films is more pronounced in the middle part of the wire (see Figure 1) , as it is exposed to a higher average temperature than the bottom of the wire (see Figure 1) , which is more efficiently cooled by the substrate-holder ( Figure 5 ). The analysed regions corresponding to Figure 5 always comprise Al-rich droplets. However, using the smallest aperture, it was possible to analyse defect-free regions, as well as the defects occurring for the wire geometry ( Figure 6 ). The SAD pattern of Figure 6a corresponds to a sound layered region and, as expected, only Ni and Al were identified. The SAD pattern of Figure  6b was obtained from the region marked in Figure 3 , and Al3Ni is indexed, indicating that the Al-rich "droplets" should correspond to this intermetallic phase. In addition to spots of the Al3Ni intermetallic, rings corresponding to pure Al and Ni could also be detected. (a) (b) Figure 6 . SAD patterns and respective diffraction spectra corresponding to (a) a defect-free region, and (b) the region marked in red in Figure 3 .
The Al3Ni phase was also detected by high-resolution TEM. At the interface between Al and Ni layers, grains corresponding to a different phase have been detected. The indexation of Fast Fourier Transform (FFT) resulting from this phase reveals the presence of Al3Ni, meaning that some intermixing occurred during the deposition process leading to the formation of intermetallic phases ( Figure 7) . The preferential formation of the Al3Ni phase has been frequently referred to when studying the phase evolution of Ni/Al multilayers, especially under slow heating conditions, e.g., in [18] . The Al 3 Ni phase was also detected by high-resolution TEM. At the interface between Al and Ni layers, grains corresponding to a different phase have been detected. The indexation of Fast Fourier Transform (FFT) resulting from this phase reveals the presence of Al 3 Ni, meaning that some intermixing occurred during the deposition process leading to the formation of intermetallic phases ( Figure 7) . The preferential formation of the Al 3 Ni phase has been frequently referred to when studying the phase evolution of Ni/Al multilayers, especially under slow heating conditions, e.g., in [18] . 
Ignited Films
The occurrence of multilayer ignition is defined as the onset of a self-propagating reaction, which could be started by applying a small burst of energy. In this work, a 9 V voltage was applied to the coated wires, and a bright flash was observed, indicating that a self-propagating reaction had occurred. TEM analyses showed that, upon ignition, the layered structure disappeared (Figure 8) , which is proof of a Ni and Al reaction. The as-reacted microstructure is characterized by the presence 
The occurrence of multilayer ignition is defined as the onset of a self-propagating reaction, which could be started by applying a small burst of energy. In this work, a 9 V voltage was applied to the coated wires, and a bright flash was observed, indicating that a self-propagating reaction had occurred. TEM analyses showed that, upon ignition, the layered structure disappeared (Figure 8) , which is proof of a Ni and Al reaction. The as-reacted microstructure is characterized by the presence of equiaxed grains whose sizes range between a few hundred nanometres and a few micrometres.
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The occurrence of multilayer ignition is defined as the onset of a self-propagating reaction, which could be started by applying a small burst of energy. In this work, a 9 V voltage was applied to the coated wires, and a bright flash was observed, indicating that a self-propagating reaction had occurred. TEM analyses showed that, upon ignition, the layered structure disappeared (Figure 8) , which is proof of a Ni and Al reaction. The as-reacted microstructure is characterized by the presence of equiaxed grains whose sizes range between a few hundred nanometres and a few micrometres. Point EDS analyses were conducted inside large grains, as well as at the grain boundaries. The results summarized in Table 1 indicate Al 3 Ni 2 grains with Al 3 V phase located at grain boundaries. The as-reacted microstructure is in good agreement with that published by Trenkle et al. [19] . The formation of the Al 3 Ni 2 phase is also in accordance with SEM/EDS measurements pointing to Al enrichment in the as-deposited multilayers. Additionally, the presence of the Al 3 Ni 2 and Al 3 V intermetallic phases is confirmed by SAD (Figure 9 ).
Grains
The as-reacted microstructure is in good agreement with that published by Trenkle et al. [19] . The formation of the Al3Ni2 phase is also in accordance with SEM/EDS measurements pointing to Al enrichment in the as-deposited multilayers. Additionally, the presence of the Al3Ni2 and Al3V intermetallic phases is confirmed by SAD ( Figure 9 ). The current experiments proved the possibility of obtaining heat release from reaction of Ni/Al multilayers deposited onto tungsten wires, which has never been reported in the available literature. However, their irregular layered structure with local chemical inhomogeneities and the presence of Al3Ni in the as-deposited films decreases the heat of the reaction of such multilayers. If the objective is to promote the melting of a repairing material, the heat of the reaction must be maximized. Therefore, in future works, the deposition conditions should be optimized in order to avoid both the presence of geometric defects and premature reaction during the Ni/Al deposition process.
Conclusions
Detailed TEM analysis of Ni/Al multilayer thin films deposited onto W wires revealed a new and unique microstructure with the presence of undulation and waviness. These defects are related to the angle of incidence of the atoms arriving at the curved surface of the substrates. In addition to the distortion of the columns characteristic of sputtered films, Al-rich pockets were observed throughout the entire film thickness, which have never been observed for flat substrates. At least parts of these Al-rich areas were indexed as Al3Ni. The presence of intermetallic phases in asdeposited films is favoured, because the wire substrates are not in contact with the copper substrateholder. The removal of the geometrical defects, as well as the chemical inhomogeneities, of the reactive multilayers deposited onto W wire should significantly increase the overall heat released upon ignition, and allow them to be used for self-healing purposes. Even though defects are present, for the first time, self-propagation was promoted in coated wires. The current experiments proved the possibility of obtaining heat release from reaction of Ni/Al multilayers deposited onto tungsten wires, which has never been reported in the available literature. However, their irregular layered structure with local chemical inhomogeneities and the presence of Al 3 Ni in the as-deposited films decreases the heat of the reaction of such multilayers. If the objective is to promote the melting of a repairing material, the heat of the reaction must be maximized. Therefore, in future works, the deposition conditions should be optimized in order to avoid both the presence of geometric defects and premature reaction during the Ni/Al deposition process.
Detailed TEM analysis of Ni/Al multilayer thin films deposited onto W wires revealed a new and unique microstructure with the presence of undulation and waviness. These defects are related to the angle of incidence of the atoms arriving at the curved surface of the substrates. In addition to the distortion of the columns characteristic of sputtered films, Al-rich pockets were observed throughout the entire film thickness, which have never been observed for flat substrates. At least parts of these Al-rich areas were indexed as Al 3 Ni. The presence of intermetallic phases in as-deposited films is favoured, because the wire substrates are not in contact with the copper substrate-holder. The removal of the geometrical defects, as well as the chemical inhomogeneities, of the reactive multilayers deposited onto W wire should significantly increase the overall heat released upon ignition, and allow them to be used for self-healing purposes. Even though defects are present, for the first time, self-propagation was promoted in coated wires.
